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We present a single crystal neutron scattering study of BaMn2Bi2, a recently synthesized material
with the same ThCr2Si2-type structure found in several Fe-based unconventional superconducting
materials. We show long range magnetic order, in the form of a G-type antiferromagnetic structure,
to exist up to 390 K with an indication of a structural transition at 100 K. Utilizing inelastic
neutron scattering we observe a spin-gap of 16meV, with spin-waves extending up to 55 meV. We
find these magnetic excitations to be well fit to a J1-J2-Jc Heisenberg model and present values
for the exchange interactions. The spin wave spectrum appears to be unchanged by the 100 K
structural phase transition.
I. INTRODUCTION
The discovery of unconventional superconductivity in
Fe-based materials has stimulated intense interest in the
condensed matter physics community, and offers a new
system, with the same square planar crystal motif as the
cuprates, in which to investigate the underlying mecha-
nism of unconventional superconductivity1–3. Driven by
the initial discovery of superconductivity several new Fe-
based materials have been uncovered, for example the
1111 phase (RFeAsO with R = rare earth), 111 phase
(AFeAs with A = alkali metal), 11 phase (FeTe or FeSe),
122 phase (AFe2As2), and FeSe122 phase (AFe2Se2)
2,3.
The FeAs (or FeSe) layers are the common ingredient and
unlike the cuprates it is possible to dope the Fe site and
attain superconductivity. As a consequence much work
has been done on this, particularly in the 122 phase.
Recent interest has also focused on complete substi-
tution of the Fe ion in the 122-type structure as an av-
enue to both search for new classes of superconducting
materials or probe why no superconductivity is attained
despite often similar physics. One pertinent example be-
ing SrCo2As2 that shows many similar features to the
Fe-based 122 materials, but as yet no superconductiv-
ity has been uncovered upon doping from the cobalt
parent side4. Additionally the chromium based mate-
rial BaCr2As2 was shown to host itinerant antiferromag-
netism that differs from the Fe-122 materials that re-
mains upon doping and prohibits superconductivity5,6.
Directly related to our investigation is the Mn-122
material BaMn2As2 that shows alternative behavior to
both Co and Fe-122 materials as well as the cuprates.
BaMn2As2 is a G-type antiferromagnet (AFM), TN=625
K, with no structural transition in the magnetic phase7,8.
Investigations of BaMn2As2 have indicated properties in
the intermediate regime between those of the itinerant
AFe2As2 antiferromagnets and the local moment antifer-
romagnetic insulator La2CuO4 parent superconductors.
Indeed doping BaMn2As2 in the form Ba1−xKxMn2As2
has been shown to result in an antiferromagnetic lo-
cal moment metal9. Therefore it has been suggested
that Mn-122 compounds may be well placed to act
as a bridge between Fe and Cu based unconventional
superconductors2.
Ref. 10 reported the growth and characterization of
single crystals of the new Mn-122 material, BaMn2Bi2
10
the first bismuthide with ThCr2Si2-type structure (space
group I4/mmm with a= 4.4902(3) A˚ and c=14.687(1)
A˚). BaMn2Bi2 is insulating with a small band gap of Eg
= 6 meV, with metallic behavior achieved via hole dop-
ing with 10% K substitution on the Ba site10. Suscep-
tibility measurements revealed an anomaly around 400
K consistent with magnetic ordering, with an additional
apparent anomaly around 100 K that also corresponds to
an upturn in the resistivity10.
BaMn2Bi2 shows similar properties to BaMn2As2 and
therefore may be similarly placed to act as a bridge be-
tween Fe and Cu based unconventional superconductors.
Additionally BaMn2Bi2 offers an alternative to arsenic
based materials and is amenable to the growth of suit-
ably large single crystals for neutron scattering. Here we
report the results of a single crystal neutron diffraction
investigation of BaMn2Bi2 through both the 400 K and
100 K anomalies observed from bulk measurements. We
then extend our exploration of the physical properties of
BaMn2Bi2 to a study of the spin excitation spectrum by
means of inelastic neutron scattering measurements. Our
results support the postulate that the Mn-122 series hosts
magnetic and insulating properties intermediate between
Fe and Cu based materials and we utilize our single crys-
tal inelastic neutron scattering results to provide detailed
information on the magnetic exchange interactions and
spin gap.
II. EXPERIMENTAL METHODS
A detailed description of the single crystal growth and
characterization of BaMn2Bi2 is presented in Ref. 10.
Single crystal neutron scattering measurements were per-
formed on the Four-circle diffractometer (HB-3A) at the
High Flux Isotope Reactor at ORNL. A single crystal of
∼100 mg was measured in the temperature range 4 K
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2to 400 K and the data refined using Fullprof to obtain
crystal and magnetic structures. To attain a suitable
mass (∼3 grams) for inelastic neutron scattering mea-
surements five single crystals were coaligned to within
1◦ in the (HHL) scattering plane. Utilizing the ARCS
spectrometer at the SNS, ORNL, inelastic neutron mea-
surements were performed at 4 K and 120 K with incident
energies of 60, 100, 120, 250 and 500 meV. To examine
the spin excitations in all reciprocal lattice directions the
sample was rotated by 90◦ in 1◦ for measurements with
an incident energy of 100 meV. The different angular
data was combined and subsequent cuts performed with
the Horace software11. The instrument resolution varies
with energy transfer and this was accounted for in our
fitting of the data through the use of an analytical func-
tion described in Ref. 12. The inelastic energy resolution
at an energy transfer of 50 meV is 1.56 meV for 100 meV
incident energy.
III. RESULTS AND DISCUSSION
A. Magnetic and nuclear structure of BaMn2Bi2
We begin our investigation of BaMn2Bi2 with sin-
gle crystal Four-circle neutron diffraction measurements.
We performed measurements on several different nu-
clear reflections and found the refined structure to
be consistent with the previously reported powder x-
ray measurements10. From susceptibility measurements
there is an anomaly around 400 K, attributed magnetic
ordering10. We observed intensity at the (101) reflection,
a reflection forbidden by the nuclear space group symme-
try but consistent with AFM long range order. Indeed
this defines the propagation vector for BaMn2Bi2 with
space group I4/mmm in the body centered tetragonal
notation, in primitive tetragonal notation the propaga-
tion vector transforms to ( 12 ,
1
2 ,
1
2 ). Following the tem-
perature evolution of the intensity at the (101) reflection
position from 4 K to 400 K we observe a magnetic tran-
sition at TN =387.2(4) K, shown in Fig. 1. Considering
the intensity of magnetic reflections in different Brillouin
zones at 4 K within a model based on equal populations
of domains for tetragonal symmetry, and normalizing to
the nuclear reflections, we were able to define the mag-
netic structure in BaMn2Bi2 as being G-type AFM, with
the spins aligned along the c-axis. The ordered moment
at 4 K is 3.83(4)µB/Mn, reduced from the 5µB/Mn ex-
pected for the high-spin S=5/2 of Mn2+, nevertheless
closer to a local moment description relative to the itiner-
ant Fe-based superconductors. The magnetic structure,
and within error the ordered moment, is the same as for
the related Mn-122 BaMn2As2
7.
Both susceptibility and resistivity measurements on
BaMn2Bi2 suggest a further transition around 100 K
10.
The behavior of the (101) magnetic reflection in Fig. 1(a),
however, shows no observable change in the magnetic
structure in this region. Fig. 1(b) shows the nuclear (008)
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FIG. 1. Single crystal neutron scattering measurements on
BaMn2Bi2. (a) Magnetic ordering occurs at (101) reflections,
with the onset at 387.2(4) K. (b) A subtle structural transition
is indicated by the change in the nuclear (008) reflection below
100 K.
reflection, with an anomaly at the same temperature as
that observed in bulk measurements. Such a change is in-
dicative of a subtle tetragonal to orthorhombic transition
that is not observable as a peak splitting due to the in-
strument resolution, but would be manifested in a change
in the extinction and therefore the measured intensity of
a nuclear reflection. A tetragonal to orthorhombic struc-
tural change is observed in several Fe-122 parent super-
conductors and is perhaps a prerequisite for attaining
superconductivity, however no structural change in the
magnetic ordered phase has been observed in the related
BaMn2As2.
B. Spin excitations of BaMn2Bi2
We now consider the magnetic excitations through a
single crystal inelastic neutron scattering experiment on
ARCS with the aim of finding the exchange interactions
and observing any spin-gap, in addition to comparing
excitations through the apparent 100 K structural tran-
sition. We performed an initial survey using incident en-
3FIG. 2. Crystal structure of BaMn2Bi2 with G-type AFM
ordering of the Mn-ions shown within the nuclear unit cell.
The exchange interactions used in the model Hamiltonian cor-
respond to J1 (ab-plane nearest neighbor), J2 (ab-plane next
nearest neighbor) and Jc (c-axis nearest neighbor).
ergies of Ei=60, 120, 250 and 500 meV with the incident
beam along the c-axis. This allowed us to find the top of
the spin excitations at ∼60 meV and rule out any higher
energy spin waves. With the spin excitations residing
around 60 meV and below we chose an Ei=100 meV to
map out the low Q Brillouin zones and performed cuts
along high symmetry directions. Constant energy cuts
are shown in Fig. 3(a)-(h) that follow the evolution of
the low energy excitations.
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FIG. 3. Inelastic neutron scattering measurements on single
crystals of BaMn2Bi2 with an incident energy of 100 meV. (a)-
(h) Constant energy cuts projected onto the (H,K) plane for
fixed L=3. The scale corresponds to intensity in arbitrary
units. Excluding the E=0 meV slice the scale remains fixed
for each plot. (i) Constant q=(1,0,3) cut from the magnetic
Bragg reflection in the range (0.93<H<1.07, -0.07<K<0.07,
2.93<L<3.07) to reveal the spin-gap. The fit is performed
excluding the region around 20 meV to remove background.
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FIG. 4. Energy variation showing the width of the excitation
through the zone boundary at (-2,-1,0) at 4 K. The fit is a
gaussian convolved with the instrument energy resolution.
Familiar spin-wave cones are seen to develop centered
on the magnetic Bragg points (Fig. 3(a)-(d)), with over-
lapping excitations near the maximum of the branches
(Fig. 3(e)-(f)). The lack of any Q-dependent scattering
in Fig. 3(b) at 10 meV indicates the existence of a spin-
gap in BaMn2Bi2. This is confirmed by an energy cut
from the elastic magnetic Bragg reflection position (103),
as shown in Fig. 3(i) where a distinct energy gap is ob-
served well within the instrumental energy resolution of
2.7 meV at 5 meV energy transfer. No change in the gap
is apparent through 100 K, where we observed a sub-
tle structural transition from our single crystal neutron
diffraction. In order to fit the data we exclude the region
around 20 meV where background aluminum scattering
occurs and fit the resulting profile to a gaussian convo-
luted with the instrument resolution to give an energy
gap of Eg = 16.29(26) meV at 5 K. The existence of
a spin gap between Eg = 6 to 9 meV is a general fea-
ture of the inelastic neutron spectrum of parent Fe-122
materials13,14, with debate existing as to the importance
and consequence on the emergence of superconductivity.
No spin-gap is reported from the inelastic neutron scat-
tering results of BaMn2As2
8. This may be a consequence
of only polycrystalline BaMn2As2 being synthesized or
conversely point to different physics between the Mn-122
materials.
Figure 4 shows the energy variation and width through
the spin waves at the zone boundary. The zone boundary
energy is determined to be 34.2(3) meV, with a FWHM
of 2.42(8) meV. With an instrument resolution at 34
meV of 1.9 meV this indicates sharp excitations, in con-
trast to what is observed for the Fe-122 materials, such
as BaFe2As2
15, that show diffuse scattering at the zone
boundary. This distinction is likely an indication of a lo-
cal moment picture being more instructive for BaMn2Bi2
as compared to the itinerant Fe-122 parent superconduc-
tors.
FIG. 5. Inelastic neutron scattering measurements on sin-
gle crystals of BaMn2Bi2 show well defined dispersions along
high symmetry directions. The intensity scale is in arbitrary
units. The black dashed lines corresponds to the calculated
dispersion relation using exchange interactions as described
in the text.
Theoretically the spin-gap is accounted for as a break-
ing of the Heisenberg spin rotation symmetry due to sin-
gle ion anisotropy in the model Hamiltonian and we use
this in our fitting method. We start from the Heisen-
berg Hamiltonian that has proven effective for the low
energy excitations in the Fe-122 parent superconducting
materials such as CaFe2As2 and BaFe2As2
16,17:
H =
∑
<ij>
(Jij)Si.Sj +
∑
<i>
D(S2z )i (1)
where Jij are exchange constants. We consider the ab-
plane nearest neighbor (J1) and next nearest neighbor
(J2) interactions as well as the interaction from the c-
axis nearest neighbor (JC), shown schematically in Fig. 2,
with the spin wave dispersion given by
5E(q) =
√
A(q)2 −B(q)2 (2)
In order to compare the exchange interactions with the
related Mn-122 material BaMn2Bi2 and remain in tetrag-
onal notation we use the form of dispersion presented by
Johnston et al. in Ref. 8, with the addition of a single
ion-anisotropy term (D) due to the observed spin-gap,
with
A(q) = 2 +
Jc
J1
− J2
J1
[2− cos(qxa)− cos(qya)] +D (3)
B(q) = cos([qx+qy]
a
2
)+cos([qx−qy]a
2
)+
Jc
J1
cos(
qzc
2
) (4)
where a and c are the tetragonal lattice constants of
BaMn2Bi2 and the spin-wave energy is in units of SJ1.
This dispersion relationship is equivalent to those in
Refs. 16 and 17. For the case of G-type AFM with spins
along the c-axis the exchange interactions must satisfy
the constraints that J1 and JC are positive and J1 > 2J2.
Figure 5 shows the measured spin wave dispersions pro-
jected onto high symmetry directions in BaMn2Bi2. To
obtain the exchange interaction values we took constant
q cuts with varying energy transfer through the disper-
sions and fit the results with a gaussian convolved with
the instrument resolution to obtain the position of the
dispersions. The results were then modeled with the dis-
persion relationship, equation (2), along both H and L
directions to find the following unique set of exchange
interactions that describe the magnetic spin excitations:
SJ1 = 21.7(1.5), SJ2 = 7.85(1.4), SJC = 1.26(0.02), SJS
= 0.046(0.006). The exchange values are consistent with
the constraints for G-type AFM ordering. Within the res-
olution of our measurements we do not find any change
in exchange interactions between 4 K and 120 K.
Comparing the exchange interactions with those of
BaMn2As2 reported in Ref. 8 shows a reduction in all
values in BaMn2Bi2, and a lowering of the top of the
observed excitations from 70 meV to 55 meV. The lower-
ing of the excitations may be anticipated from the over-
all reduction in magnetic ordering temperature of ∼200
K from BaMn2As2 to BaMn2Bi2. The largest relative
difference between the exchange interactions is the re-
duction of the interaction along the c-axis from 3 meV
(BaMn2As2) to 1.26 meV (BaMn2Bi2). This may be ex-
plained in part as a consequence of the increase in the
interplanar separation from 6.7 A˚ for the MnAs layers
in BaMn2As2 to 7.3 A˚ for the MnBi layers in BaMn2Bi2
due to the c-lattice constant increase from 13.4149(8) A˚
(BaMn2As2) to 14.687(1) A˚ (BaMn2Bi2). However, the
relative change of ∼ 8% is the same as the reduction in
the Mn-Mn interplanar distance between BaMn2Bi2 and
BaMn2As2, suggesting further mechanism are important,
such as the changes induced by the bismuth ion over the
arsenic ion in the lattice.
Considering results for the exchange interactions in the
J1-J2-Jc model for CaFe2As2
13,18,19, BaFe2As2
18,20 and
SrFe2As2
14,18 we find reduced values for all exchange in-
teractions in the form SJ in BaMn2Bi2 apart from a
lower Jc value in BaFe2As2, however comparable single-
ion anisotropy values. Therefore, in general, it appears
the spin-waves and exchange interactions in BaMn2Bi2
are lower in energy compared to 122 materials, even
though the magnetic ordering temperature lies between
BaMn2As2 and the Fe-122 materials. The overall diver-
gence of excitations energy and width, despite similarities
such as the observed spin gap and structural transition in
the magnetic phase, is a reflection of the differing under-
lying physical properties between BaMn2Bi2 and Fe-122
materials and further investigations via doping would be
of interest to follow the evolution of the excitations in
this Mn-122 material.
IV. CONCLUSIONS
Neutron scattering measurements on single crystals
have revealed BaMn2Bi2 forms G-type AFM at 390 K
with spins aligned along the c-axis. We find an ordered
moment of ∼75% compared to the expected spin-only
value indicating possible hybridization and divergence
from pure local moment behavior, however BaMn2Bi2
appears to reside much closer to the local moment limit
than itinerant Fe-122 systems. Our elastic neutron scat-
tering suggests BaMn2Bi2 undergoes a subtle structural
transition, similar to the Fe-122 materials but distinct
from the related Mn-122 material BaMn2As2. A general
feature of Fe-122 systems is the existence of a spin-gap
as observed in inelastic neutron measurements, while the
underlying relationship, if any, to superconductivity re-
mains an open question. Our measurements on gram
sized single crystals reveal well defined spin waves and a
gap of 16 meV in the low energy excitations in BaMn2Bi2,
not seen in BaMn2As2, that remains unchanged in the
magnetic regime from 5 K to 120 K. Indeed the spin
excitations show no apparent change through the struc-
tural transition. Applying a J1-J2-Jc Heisenberg model
accounts well for the spin excitations and shows a lower
energy scale compared to both BaMn2As2 and the Fe-
122 materials. Overall our results are consistent with
the postulate that the Mn-122 materials hosts interme-
diate properties between the local moment antiferromag-
net insulating cuprate parent materials and itinerant an-
tiferromagnetic Fe systems. Therefore in the context of
investigating phenomena related to unconventional su-
perconductivity BaMn2Bi2 appears to be well suited as
a potential new bridging material.
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